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Currently, a major nanotechnological challenge is to design thermoelectric devices that have a high
figure of merit. To that end, we propose to use bilayer excitons in two-dimensional nanostructures. Bilayer-
exciton systems are shown to have an improved thermopower and an enhanced electric counterflow and
thermal conductivity, with respect to regular semiconductor-based thermoelectrics. We suggest an
experimental realization of a bilayer-exciton thermocouple. Based on current experimental parameters,
a bilayer-exciton heterostructure of p- and n-doped Bi2Te3 can enhance the figure of merit an order of
magnitude compared to bulk Bi2Te3. Another material suggestion is to make a bilayer out of electron-
doped SrTiO3 and hole-doped Ca3Co4O9.
DOI: 10.1103/PhysRevApplied.2.054013
I. INTRODUCTION
Ranging from household refrigeration to waste heat in
power plants, the problem of converting heat into electricity
or vice versa is of paramount technological importance [1].
Instead of solving this issue with compression-based heat
pumps and the like, solid-state materials might offer a
resolution. Among the notable advantages of using solid-
state Peltier or Seebeck devices are their light weight, the
absence of any moving parts, and the elimination of any
environmentally unfriendly substances. However, the main
problem remains to devise a thermoelectric device with
sufficient efficiency.
A typical thermoelectric device consists of both p-type
andn-typematerials, as shown in Fig. 1. The key to realizing
an efficient thermoelectric device is finding materials with
high thermoelectric performance, commonly expressed in






where αe, κph, κe, and L are the Seebeck coefficient, the
phonon thermal conductivity, the thermal conductivity of the
electrons and the Lorenz number, respectively. Following
the Wiedemann-Franz law, the Lorenz number L is defined




where σe is the electrical conductivity and T is the temper-
ature. The theoretical value for the Lorenz number of
degenerate metals is given by L0 ¼ π23 ðkBe Þ2 ¼ 2.44 ×
10−8 V2K−2 [5,6]. Indeed, experimentally measured values
of L show only small deviations from this Sommerfeld
value, namely, L ¼ ð1.7–2.6Þ × 10−8 V2K−2 in elemental
metals, metallic compounds, and semiconductors [7–10].
Therefore, the obvious strategy to maximize the thermo-
electric figure of merit is by increasing the thermopower
α and decreasing the phonon thermal conductivity κph.
Indeed, the central maxim of most thermoelectric research
is summarized by the phrase “phonon-glass electron-
crystal” [1,11,12]. A different route to increase zT, how-
ever, is to involve low-dimensional nanostructures [13,14].
Specifically, the use of 2D quantum wells [15] enhances
the bulk value of zT for the “state-of-the-art” hole-doped
semiconductor Bi2Te3 from its bulk value of zT ¼ 1 [16]
to zT ∼ 2.4 for thin films [17]. In a 2D electron gas of
doped SrTiO3, a zT ∼ 2.4 has been achieved [18].
However, to overcome the competition of conventional
heat pumps regarding efficiency, we need to find new
materials to enhance zT to 4 or greater [1,19]. In this paper,
we present a concept that has the potential to increase the
figure of merit zT by a factor of 60. For this, we need to
mobilize bilayer excitons.
An exciton is the bound state of an electron and a hole.
In a bulk material, the electron and hole can recombine
and thus annihilate the exciton. In order to avoid this
annihilation, it has been proposed to spatially separate the
electrons and holes in two different layers [20,21]. Such a
heterostructure of a p-type and n-type material can support
bilayer excitons. Since the bound state of an electron and a
hole is effectively a boson, it can undergo Bose-Einstein
condensation, and substantial experimental and theoretical*kaiwu@stanford.edu
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efforts are devoted to the realization of a bilayer-exciton
condensate [22–27].
The bilayer-exciton system displays a remarkable sim-
ilarity to a thermoelectric couple, as shown in Fig. 1. Such a
device consists of a p-type and n-type thermoelectric
material connected in series [3]. A heat gradient will cause
the charge carriers to diffuse from the hot side to the cold
side, thus converting the heat gradient into an electrical
current. Now imagine that one brings the p- and n-type
materials close to each other. At distances of the order of
nanometers, the Coulomb attraction between the electrons
and holes can bind them together into bilayer excitons. As
shown in Fig. 2, the application of a heat gradient causes
these excitons to flow from the hot side to the cold side.
Even though excitons are charge neutral, the fact that the
holes and electrons are spatially separated implies that an
exciton current amounts to two opposite currents in the two
layers [28]. If one closes the circuit in the counterflow setup
(see Fig. 2), the exciton current is converted into an
electrical current. Such excitonic counterflow conductivity
has been demonstrated experimentally [29].
Though most bilayer-exciton research focuses on the
Bose condensation of excitons, for thermoelectric applica-
tions uncondensed excitons are required. Although the
counterflow conductivity of the exciton Bose condensate
is infinite due to the superfluidity, the Seebeck coefficient
vanishes faster and the figure of merit drops to zero [30].
However, we show here that the high-temperature properties
of a gas of bilayer excitonswill lead to an exceptionally large
thermopower, combined with a small Lorenz number. In
addition, the remarkably weak coupling between excitons
and phonons, the dominant scattering mechanism at high
temperature, enhances the electric counterflow conductivity
and gives rise to a high exciton thermal conductivity which
reduces the effect of the phonon thermal conductivity κph.
These are the two proposed pillars of bilayer-exciton
thermoelectrics: better thermopower and better conductiv-
ities. We suggest two possible material choices for the
bilayer-exciton thermocouple: a Bi-based system of p- and
n-doped Bi2Te3 and an oxide system consisting of
n-doped SrTiO3 and p-type Ca3Co4O9. The expected
FIG. 2. Bilayer-exciton thermocouple. In a bilayer-exciton
thermocouple, as presented in this paper, the p- and n-type
materials are brought close together so that bilayer excitons can
form. In the thermoelectric device, the excitons move from the
hot side to the cold side (orange arrows), generating an electric
counterflow (white dashed arrows). Because of the bosonic
nature of the excitons, the exciton thermocouple can have a
higher figure of merit than the traditional thermocouple of Fig. 1.
FIG. 1. Traditional thermocouple. A traditional thermocouple
device consists of an n-type material (in green) and a p-type
material (in red) connected electrically in series but parallel with
respect to the temperature gradient. The charge carriers move
from the hot end to the cold end (black arrows), generating an
electrical current (white dashed arrows).
TABLE I. Room-temperature properties of traditional thermo-
electrics compared to bilayer-exciton systems. Here we compare
three traditional thermoelectrics (doped Bi2Te3 [3,16], Nb-doped
SrTiO3 [31–33], and Ca3Co4O9 [31–33]) with two bilayer-
exciton thermocouples based on known experimental data. The
Bi-based exciton bilayer consists of p- and n-doped Bi2Te3; the
oxide-based exciton bilayer is a SrTiO3=Ca3Co4O9 heterostruc-
ture. The columns display the optimal carrier density n ( cm−3),
degeneracies gsg0, thermopower α (μVK−1), phonon thermal
conductivity κph (Wm−1 K−1), electron (exciton) thermal con-
ductivity κe ðκexÞ (Wm−1 K−1), and the figure of merit zT. For
bilayer excitons, the κph is taking into account the contribution of
phonons in both layers. Clearly, the exciton systems exhibit a
tremendous enhancement of the thermoelectric figure of merit zT.
Materials n gsg0 α κph κeðκexÞ zT
Doped Bi2Te3 1019 2 × 6 220 0.8 0.8 1.0
Bi-based exciton 3 × 1018 4×36 1060 1.6 7.0 63
Nb-SrTiO3 6 × 1020 2 × 3 150 8.2 0.9 0.08
Ca3Co4O9 1.9×1021 2 120 3.0 0.5 0.08
O-based exciton 1.0×1021 4 × 3 350 11.2 8.3 3.6
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enhancements of thermopower and thermal conductivities
are shown in Table I, which comprises our main result. In
the remainder of this paper, we first derive the relations
between the exciton correlation functions and the counter-
flow transport coefficients, in Sec. II. Subsequently, we will
describe the enhancement of the thermopower in Sec. III
and the conductivity in Sec. IV. We end in Sec. V with
suggestions towards experimental realization of a bilayer-
exciton thermocouple.
II. EXCITON TRANSPORT AND
COUNTERFLOW COEFFICIENTS
Since an exciton is the bound state of an electron and a
hole, naively one would expect that excitons would not
display any electrical effects. However, in the counterflow
setup, the spatial separation of the electrons and holes of
the bilayer exciton allows for an electric response [28,29].
In this section, we discuss how bilayer-exciton response
functions can be used to express the figure of merit for a
bilayer-exciton thermocouple.
We consider the limit where the Coulomb attraction
between electrons and holes is strong enough to allow us to
treat the exciton as a neutral composite particle moving in a
2D layer. The electrons and holes are spatially separated in
the direction perpendicular to this layer. In this limit, we
envisage a voltage and a temperature gradient as displayed
in Fig. 3. By denoting the exciton particle current and heat
current as jex and jexQ, respectively, the traditional Onsager
relations for this system are [4,34]
















where μ̄ is the effective chemical potential gradient under
the voltage difference ΔV between the external leads. With
the length of each lead l, we have ∇μ̄ ¼ ∇μþ 2eE and
E ¼ ΔV=2l. Here the factor 2 comes from both the electron
and hole perceiving an electric force eΔV=2l in the same
direction. Thus, effectively the force acting on an exciton
equals eΔV=l. Note that the electric charge e enters in
this expression, even though the exciton itself is neutral.
This situation is a result of the counterflow setup, where
the motion of one bilayer exciton from the top to the bottom
of Fig. 3 effectively moves one unit of charge between
the leads.
All of the Lab coefficients are directly associated with
different exciton current-current correlation functions [34]:































Finally, when one exciton moves from the hot side to the
cold side, there is effectively one unit of charge moved from
the left to the right lead. Consequentially, the net electrical
current JE between the leads generated by the exciton
particle current is given by JE ¼ ejex. Using this insight,
we are now in the position to derive all the relevant
transport coefficients. For example, the conductivity σ in
each leg can found by setting Δμ ¼ ΔT ¼ 0 in the Onsager






However, the counterflow dc conductivity σex of the whole






Similarly, the thermopower and thermal conductivity of the























FIG. 3. Thermal and electrical response of strongly bound
bilayer excitons. In the counterflow construction, both electrons
and holes perceive the same electrical forces (gray arrows) when
there is a voltage difference between the external leads. They
move together as a composite particle because of the strong
exciton binding. The exciton particle current jex (red arrow) is
driven by both a temperature gradient ΔT and a voltage ΔV and
generates an electrical current JE (blue arrows), which is propor-
tional to the exciton particle current JE ¼ ejex.























All correlation functions LðabÞ for the excitons can be
calculated by using Bose-Einstein statistics, since our
excitons are composite bosonic particles in the strong
binding limit. The prefactor 1=e2 represents that it “effec-
tively” carries charge e due to the magic of the counterflow
setup [28]. In this sense, the counterflow transport coef-
ficients of the strongly bound bilayer excitons are equiv-
alent to those of bosonic particles with charge e and mass
2m. Consequently, for the whole exciton system, the figure






where 2κph is the thermal conductivity contribution from
phonons in both layers.
In the remainder of this paper, we consider temperatures
much higher than the critical temperature Tc of the exciton
condensate but lower than the exciton binding energy.
Additionally, we consider only the case in which the
exciton density is low, i.e., the dilute limit, to maximize
the thermopower. Thus, within these two limits, the bilayer-
exciton system approaches the classical limit of bosonic
particles, andwe can apply the Drude theory for all transport
coefficients, which will be done in the next two sections.
III. ENHANCED THERMOPOWER
A dominant factor that determines the figure of merit is
the thermopower. For Fermi-liquid materials such as metals
or degenerate semiconductors, the thermopower Seebeck











where kB is the Boltzmann constant, e is the elementary
electric charge, and TF is the Fermi temperature of the
material. Therefore, a natural way to increase the thermo-
power is to reduce the charge carrier density n, since
TF ∼ n2=3 for a 3D bulk material.
Bilayer excitons, on the other hand, behave like hard-
core bosons on a lattice. Following Eq. (8), the counterflow









where Sð11Þ ¼ Lð11Þ and Sð12Þ ¼ Lð12Þ − μLð11Þ are the
exciton correlation functions between the energy current
and the exciton particle current, similar to Eq. (4). For
temperatures well above the condensation temperature Tc
and in the dilute limit, the contribution from the correlation
function in (13) is minor, and the excitons behave as
classical particles, in which case the thermopower is given
by the entropy transported per particle divided by the
transported charge per particle [35,36].
Recall that, when an exciton is created at the top of the
counterflow construction of Fig. 2 and is moved through
the bilayer to the bottom, an excess negative charge is
created in the left lead and an excess positive charge in
the right lead. Effectively, this result implies that a single
electric charge has been moved from the left lead to the
right lead. Therefore, one moving exciton in the counter-
flow setup transports one unit of charge.
The entropy of a bilayer exciton is given by the logarithm
of the number of possible configurations, whereby spin
degeneracy gs and orbital degeneracy go play an important
role [37,38]. For excitons on a crystalline lattice with
density ρ per unit cell, we find that the excitonic thermo-










The exciton spin degeneracy is usually gs ¼ 2 × 2 ¼ 4,
since both the electron and hole can have two spin states,
and the singlet-triplet splitting is negligible compared to
the temperature. Similarly, the exciton orbital degeneracy
g0 is the product of the electron and hole orbital degeneracy,
e.g., 6 × 6 for doped Bi2Te3.
In Table I, we compare the Seebeck coefficient of
traditional thermoelectric materials to bilayer-exciton sys-
tems. The entropic increase of the excitons, as a result of the
orbital and spin degeneracies, gives rise to a large thermo-
power for the bilayer-exciton thermocouple.
Recall that, for most free-electron systems, the Lorenz
number is found to be constant [4]. However, in the case of
excitons, we no longer have free fermionic electrons, but
instead we are dealing effectively with bosonic particles of
charge e. At high temperatures, the Lorenz number for








which is smaller than the Wiedemann-Franz value by a
factor LWFLex ≈ 1.6.
IV. ENHANCED CONDUCTIVITY
Now we discuss the thermal conductivity of excitons. It
is known that bulk excitons have an exceptionally large
mobility. For example, in cuprous oxide Cu2O at low
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temperatures, the exciton mobility is found to be μex ∼
107 cm2=V s [40], orders of magnitude larger than the
mobility of charged carriers in this compound [41].
Measurements on low-temperature bilayer-exciton mobil-
ity in GaAs=AlGaAs double quantum wells show similarly
high mobilities [42]. Recent results at T ¼ 100 K in
GaAs=AlGaAs double quantum wells suggest that the high
mobility of excitons persists up to higher temperatures [43].
Following the sparse experimental results, we can make
a qualitative prediction for the high-temperature exciton
counterflow conductivity. For any kind of particle, its
resistance depends on impurity scattering, scattering with
phonons, and particle-particle scattering. In a pure dilute
sample at high temperatures, the dominant contribution to
the resistivity is given by phonon scattering.
In the case of charged carriers, the scattering with
acoustic phonons depends on the deformation potential
D. Even though excitons are charge neutral, the spatial
separation of the electrons and holes still allows for a
coupling between the acoustic phonons and the exciton
dipole moment. The matrix element between excitons and
acoustic phonons is given by a combination of the electron





½DeϕeðkÞ −DhϕhðkÞ þOðkÞ; ð16Þ
where k is the phonon wave vector, u is the speed of sound,
M is the ion mass, and De;h are the deformation potentials
of the electron and hole, respectively [22,44]. The factors
ϕe;hðkÞ are the wave functions of the electrons and holes
that are bound together into the exciton. For a symmetric
electron-hole attraction and a simple band structure, these




where μ ¼ memh=ðme þmhÞ is the reduced mass of the
relative electron-hole motion and aex is the exciton radius.
In the long-wavelength limit, the exciton-phonon coupling
becomes independent of the electron and hole masses, and






The minus sign in Eq. (16) is due to the opposite charge of
the electron and hole and, thus, leads to a relatively small
exciton-phonon coupling when De ≈Dh. Note that
Eq. (17) was derived originally for relatively small and
thus strongly bound excitons, as, for example, in bulk
Cu2O. There, the radius of a bulk exciton is approximately
7 Å; hence, as long as the interlayer excitons are of similar
size, we expect the above model to hold.
Thus, if one is able to construct a heterostructure such
that the deformation potentials De;h for the electrons and
holes are almost equal, one finds an extremely low exciton-











where ΔD is the absolute difference between the electron
deformation potential and the hole deformation potential.
From the scattering rate τ, the electric counterflow con-
ductivity is given by σex ¼ ne2τex=2mex with mex ≈ 2me,
where we assume for simplicity that the electron and hole
effective mass are similar. Using the Wiedemann-Franz
law, we then find the change in thermal conductivity of the





























The aforementioned orders-of-magnitude increase of
mobility in bulk Cu2O [40] suggests that a 10% difference
between the deformation potentials of the electrons and
holes is a reasonable assumption. This assumption will lead
to a factor of 50 better electric conductivity and a factor of
30 better thermal conductivity of the excitons. We use this
estimate of the deformation potentials to obtain the results
of Table I.
V. EXPERIMENTAL REALIZATION
An idealized exciton thermocouple could therefore have
a zT of more than 60 based on current experimental
parameters; see Table I. This result is, however, the
optimistic theorist perspective. In reality, many pitfalls
and engineering problems will lower the figure of merit.
Nonetheless, with the ideal zT ∼ 60, there is much room for
shortfalls to still arrive at a sizable figure of merit.
The biggest experimental challenge is to actually make
bilayer excitons without condensing them, just like it is
difficult to get uncondensed electron-electron pairs. Most
material proposals for bilayer-exciton condensation, such
as semiconductor quantum wells [24], double-layer gra-
phene [45–49], or topological insulators [50], function in
the BCS limit, which means that bilayer excitons are not
bound at temperatures above the condensation temperature.
Instead, we need materials with strong exciton binding,
which can be achieved by bringing the layers close to each
other (of the order of several unit cells) to minimize the
electron and hole kinetic energy and to ensure that the
electrons and holes have similar effective mass and defor-
mation potential. To this end, we propose two possible
material choices for the bilayer-exciton thermocouple:
bismuth-based bilayers and oxide-based bilayers.
Oxide heterostructures [25–27,51,52], that themselves
show good thermoelectric properties [31–33], show a
significant enhancement of the figure of merit. Many oxide
materials have a layered lattice structure, such as n-doped
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SrTiO3 [18,53] and the p-type cobaltates Ca3Co4O9 and
NaxCoO2 [31]. Techniques such as molecular beam epitaxy
(MBE) and pulsed laser deposition make it currently
possible to grow heterostructures of layered oxide materials
with unit-cell precision. We propose to construct a bilayer
system with a few unit-cell layers of Nb-doped SrTiO3,
followed by about six unit-cell layers of an oxide insulator
like SrTiO3 to avoid recombination of electrons and
holes, and then topped a few unit-cell layers of the p-type
Ca3Co4O9. This construction should be repeated in a
superlattice structure, with insulating materials between
each bilayer, to obtain a material with a bulk thermoelectric
effect. By using ion-beam etching, ramp edges can be
made, so that one can separately contact each n-type and
p-type layer for the deposition of gold contacts.
We choose these materials because they can be fabricated
with similar charge carrier densities of n ∼ 1020 cm−3,
and the carriers have similar high-temperature electro-
nic thermal conductivities κe ∼ 0.5 Wm−1 K−1 [53–55].
SrTiO3 has threefold orbital degeneracy, while the cobaltate
is a one-band material. Together with the spin entropy, we
expect that at the given densities the exciton thermopower is
αex ∼ 650 μVK−1, which is even a conservative estimate
given the α ∼ 1000 μVK−1 results in SrTiO3 superlattices
[18]. From our earlier analysis, we expect that the exciton
thermal conductivity is greatly enhanced. Since the phonon
thermal conductivity in oxides is usually the limiting
factor in obtaining a high zT, the large exciton thermal
conductivity yields several-orders-of-magnitude enhance-
ment of zT; see Table I. The density dependence of
α, κex, and zT for the oxides is displayed in Fig. 4(a),
showing that for a wide window of exciton densities the
SrTiO3=Ca3Co4O9 bilayer system has a sizable figure
of merit.
The other possibility is to form heterostructures of p- and
n-doped Bi2Te3 [16], separated at a distance of approx-
imately 2–3 nm. MBE and chemical vapor deposition
are used extensively to fabricate nanostructures of bis-
muthtellurides [17]. The fact that we have the same material
used for both the p-type and n-type layers implies that
the exciton binding and the exciton-phonon coupling
are optimal. Together with the sixfold band degeneracy
of Bi2Te3, we find an extraordinary large Seebeck coef-
ficient, α ∼ 1115 μVK−1. We thus arrive at an extremely
large zT ∼ 60; see Table I. The density dependence of the
thermopower and the thermal conductivity is shown in
Fig. 4(b).
A natural question is at which temperatures excitons can
still form. Let us therefore make an estimate of the binding
energy. Strongly bound bulk excitons can have very large
binding energies; for example, the 7-Å size excitons in
Cu2O have V ¼ 150 meV [22]. Similarly, the indirect
excitons in GaAs=AlGaAs double quantum wells at a
distance of approximately 3 nm have a binding energy
of 8 meV [42]. The simplest theoretical estimate,
neglecting material complications such as the dielectric
mismatch in a heterostructure, is given by the electric
energy of an electron and a hole separated at that distance.
By using the dielectric constant of GaAs to be ϵ ∼ 13, this
would give V ∼ 35 meV, an estimate roughly 4 times too
big. Now consider the oxide materials, having a typical
dielectric constant of about ϵ ∼ 20. At a distance of 2 nm,
the bare electron-hole attraction is V ∼ 35 meV ≈ 400 K;
consequently, we expect that in the proposed oxide bilayers
the excitons remain bound to at least 100 K.
Nonetheless, at high temperature it is likely that bilayer
excitons coexist with unbound electrons and holes.
Naturally, this coexistence will reduce the figure of merit,
as some of the currents are carried by the less-efficient
electrons and holes. A further experimental challenge is
therefore to dilute the number of unbound electrons and
holes, for example, by bringing the p- and n-type materials
closer together or changing the insulator layer.
Note that in our current proposal we keep the phonon
thermal conductivity constant at its relatively large bulk






























































FIG. 4. Density dependence of the thermoelectric properties.
(a) Here we show the figure of merit zT, the exciton thermopower
αex, the phonon thermal conductivity κph, and the exciton thermal
conductivity κex for the p- and n-doped Bi2Te3 bilayer. The
optimal value of zT is used in Table I. (b) The same as (a) but for
the bilayer of n-doped SrTiO3 and p-type Ca3Co4O9.
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the excitonic effects. This fact implies that a further
enhancement of the figure of merit can be achieved by
combining exciton physics and one of the known tech-
niques to reduce phonon thermal conductivity.
At last, the bilayer-exciton structure not only increases
the figure of merit, it also benefits the power factor defined
as σexα2ex because of the simultaneous enhancement of both
the thermopower and counterflow conductivity. Unlike
other strategies of reducing the phonon thermal conduc-
tivity, where the power factor is relatively unchanged, the
exciton system can increase the power factor 2 orders of
magnitude compared to the bulk materials. We acknowl-
edge that a single-bilayer structure may not suitable for
technological applications, since it is a two-dimensional
thin film with limited output current. However, the repeti-
tion of the bilayer into a superlattice structure, as is done in,
for example, Ref. [18] for doped SrTiO3 quantum wells,
can make the output power macroscopic. The insulating
layers staggered between the conducting n- and p-type
layers in the superlattice structure will reduce the total
output power factor, typically of one order of magnitude.
Given that each exciton bilayer can have a 2-orders-of-
magnitude enhanced power factor, the final bulk output
power factor of the superlattice structure may still be one
order of magnitude enhanced.
In conclusion, we show qualitatively that the thermo-
electric efficiency of a bilayer-exciton system can be
significantly enhanced. We suggest that the nanotechno-
logical engineering of thermoelectric devices should there-
fore aim at using bilayer excitons, instead of electrons and
holes, to generate electricity out of heat.
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